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A carboxy-terminus motif of HKa2 is necessary for assembly
and function
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Winston-Salem, North Carolina
A carboxy-terminus motif of HKa2 is necessary for assembly
and function.
Background. The present experiments were designed to
study the importance of the carboxy-terminus of HKa 2, for both
function and integrity of assembly with b 1-Na
+,K+-ATPase.
Methods. For this purpose, stop codons were created, by
polymerase chain reaction (PCR), at different positions in the
carboxy-terminus of HKa 2. Subsequently, chimeras between
HKa 2 and the carboxy-terminus of a 1-Na
+,K+-ATPase or with
the carboxy-terminus of the gastric H+,K+-ATPase were cre-
ated. Human embryonic kidney HEK-293 cells were used as
expression systems for functional studies using 86Rb+ uptake
and a/b assembly using specific antibodies.
Results. The results demonstrate that the entire carboxy-
terminus of HKa 2 is required for optimal protection of the a/b
complex from degradation and for functionality as evidenced
by 86Rb+ uptake. The results also demonstrate that there was
flexibility in the sequence of the carboxy-terminus. The last
two tyrosines (Y1035Y1036) of HKa 2 could be mutated to ala-
nines and the carboxy-terminus of HKa 2 could be replaced by
the carboxy-terminus of a 1-Na
+,K+-ATPase while preserving
transport activity.
Conclusion. The entire carboxy-terminus of HKa 2 is re-
quired for stable assembly with b 1-Na
+,K+-ATPase and func-
tionality.
Pfam analysis [protein families database of alignments
and hidden Markov models (HMMs)] [1] predicts that
members of the P-ATPase superfamily of proteins, in-
cluding the Ca+2-ATPases, Mg+-ATPases, a subunits of
Na+,K+-ATPases, and a subunits of H+,K+-ATPases,
can be divided into four structural domains (Fig. 1). The
first, or cation-ATPase N of HKa2, extends between
amino acid 46 and 129. The second, or E1-E2 ATPase, is
localized between amino acid 147 and 378. The third, or
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hydrolase domain, can be localized between amino acid
382 and 750, and the fourth, or cation-ATPase C, extends
between amino acid 846 and 1025.
A splice variant of HKa2 (HKa2B) was identified by
Kone and Higham [2], which lacked 57 amino acids of
the cation-ATPase N domain compared to the full-length
protein HKa2 [predicted by the Simple Modular Archi-
tecture Research Tool (SMART) program]. Neverthe-
less, this truncated protein, which was missing a site for
cyclic adenosine monophosphate (cAMP) phosphoryla-
tion (T5) and protein kinase C (PKC) phosphorylation
(S78), displayed a functionality profile (86Rb+uptake and
sensitivity to ouabain), which was indistinguishable from
the full-length parent protein when expressed in human
embryonic kidney HEK-293 cells [3] or oocytes from
Xenopus laevis [4, 5]. These results also revealed paren-
thetically that the entire cation-ATPase N domain was
not necessary for cell surface migration of HKa2 or for
transport function.
The gastric H+,K+-ATPase, a1-Na+,K+-ATPase, and
Ca+2-ATPase have been used extensively as models for
investigating E1-E2 ATPase and hydrolase domains. Site-
directed mutagenesis and crystalline structure of the
rabbit Ca+2-ATPase [6] have demonstrated that these do-
mains are implicated in ATP binding, phosphorylation,
and dephosphorylation of the a subunit and in the extru-
sion of 3 Na+ ions in exchange for the uptake of 2 K+
ions [7, 8].
Four transmembrane regions (T7 to T10) of HKa2 are
components of the cation ATPase C domain. Bamberg
and Sachs [9] demonstrated that T8, T9, and T10 con-
tained specific sequences that participated in the trans-
membrane assembly of the a subunit of the rabbit gastric
H+,K+-ATPase. Bamberg and Sachs demonstrated using
pancreatic microsomal membranes that a sequence in T8
functioned as a stop transfer sequence. Moreover, this
study also revealed that a sequence in T9 functioned as
a signal anchor sequence, and a sequence in T10 acted as
a stop transfer sequence. Based on these data one would
anticipate that most of the carboxy-terminus of the gastric
H+,K+-ATPase would be required for functionality.
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Fig. 1. Schematic representation of different domains of HKa2 based on Pfam (Protein Families database of alignments) and hidden Markov
models (HMMs). The number indicates the predicted beginning and end of each domain in HKa 2. The heavy line over the cation ATPase C domain
represents the location of the extracellular domain that extends between transmembrane 7 and 8 that represents the b subunit binding motif [23].
Recently, our laboratory demonstrated by mutation
analysis that the 84 amino acid carboxy-terminus of HKa2
was necessary for both cell surface migration and func-
tionality of the HKa2/b 1-Na+,K+-ATPase complex [10].
These findings were compatible with the studies by Bam-
berg and Sachs mentioned above [9] in implicating a cen-
tral role for the carboxy-terminus of HKa2 in assembly
with the b subunit and cell surface migration. Prior to the
present study, however, it has not been clear if the en-
tire carboxy-terminus of HKa2 is required for a/b assem-
bly and functionality or if a very specific motif facilitates
proper assembly between a and b . Amino acid alignment
of the a subunit of the different X+,K+-ATPases demon-
strated that all sequences of members of this family ter-
minate with two tyrosines (Y1035 and Y1036, numbers
correspond to the full-length HKa2 cDNA).
The present experiments were designed to study the
importance of the carboxy-terminus of HKa2 for both
function and integrity of assembly with b 1-Na+,K+-
ATPase. It was not evident initially through alignment
and comparison of the amino acid sequences at the
carboxy-termini of HKa2, which motif would be criti-
cal for the restoration of activity to HKa2, HKa1 or
a1-Na+,K+-ATPase. Therefore, stop codons were cre-
ated, by polymerase chain reaction (PCR), at different
positions in the carboxy-terminus of HKa2. This was
accomplished by creation of stop codons sequentially
at the following locations in the HKa2 sequence until
86Rb+ uptake was observed: M995, M1017, S1028, W1030,
and D1031. Subsequently, chimeras between HKa2 and
the carboxy-terminus of a1-Na+,K+-ATPase [11] or with
the carboxy-terminus of the gastric H+,K+-ATPase [12]
were created. HEK-293 cells were used as expression sys-
tems for functional studies using 86Rb+ uptake. Concomi-
tantly, coimmunoprecipitation of the different HKa2/
b 1-Na+,K+-ATPase complexes in transiently transfected
HEK-293 cells was also investigated.
METHODS
Cloning of HKa2, ∆HKa2, HKa2(M995/Stop),
HKa2(M1017/Stop), HKa2(S1028/Stop),
HKa2(W1030/Stop), HKa2(D1031/Stop),
HKa2(Y1035Y1036/AA) and b1-Na+,K+-ATPase
subunits into pcDNA3.1(+)-Neo
The cloning of HKa2, HKa2, and b 1-Na+,K+-
ATPase in pcDNA has been described by our laboratory
[5, 10]. The mutation M995 to the stop codon (M995/Stop)
was created by PCR. The forward oligonucleotide
(Table 1, oligonucleotide 1) contained one EcoRI site
(underlined), and the reverse oligonucleotide (Table 1,
oligonucleotide 2) contained one XbaI site (underlined).
These oligonucleotides were strategically designed to
change M995 (ATG) to the stop codon (Table 1, lower-case
characters). Oligonucleotides 1 and 2 were used to am-
plify by PCR a fragment of 143 pb, using our rat HKa2 in
pcDNA3.1(+)-Neo as a template, as described previously
by our laboratory [5]. The PCR product was digested with
EcoRI/XbaI and cloned into the same restriction sites
of the plasmid pcDNA3.1(+)-Neo (Invitrogen, Carlsbad,
CA, USA) (construct I). The insert in “construct I” was
verified by double-strand sequencing. In the final step,
“construct I” was linearized with EcoRI and dephospho-
rylated with calf intestinal phosphatase (CIP), and the
fragment of HKa2 that extended from nucleotide –41 to
+2900 in pAGA 2 [5] was cloned into EcoRI site of con-
struct I. The insert’s orientation was verified by restriction
mapping with KpnI.
A similar strategy was used to create the remaining mu-
tations (M1017, S1028, W1030, or D1031 to the stop codon and
Y1035and Y1036 to AA). The forward oligonucleotide was
the same in all the mutations (Table 1, oligonucleotide
1), but the reverse oligonucleotides differed for every
mutation, and the sequences are indicated in Table 1
(oligonucleotides 3, 4, 5, 6, and 7, respectively). Figure 2
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Table 1. Oligonucleotides used to create, by polymerase chain reaction (PCR), mutations at different positions of the carboxy-terminus of HKa2
Number Oligonucleotide sequence Direction Mutation created
1 5′-GGAGGAATTCCATCTTTCAGCAGGG-3′ Forward All mutations
2 5′-ACGTTCTAGActaGGTAAAGCTCAGAGCTGGGACACT-3′ Reverse M995/Stop
3 5′-ACGTTCTAGAtcaCTCGTCATACACCCAAATCAAAAT-3′ Reverse M1017/Stop
4 5′-ACGTTCTAGAtcaTCCAGGGTAGAGCCTGATGAAC-3′ Reverse S1028/Stop
5 5′-ACGTTCTAGAtcaCCAGCTTCCAGGGTAGAGCCT-3′ Reverse W1030/Stop
6 5′-ACGTTCTAGAttaCCACCAGCTTCCAGGGTAGAGCCT-3′ Reverse D1031/Stop
7 5′ACGTTCTAGAtcaagcggcCATGTTCTTATCCCACCAGCTTCCAG-3′ Reverse Y1035Y1036/AA
The restriction enzymes used to cut the PCR products are underlined. One EcoRI site (GAATTC) was introduced in the forward oligonucleotide, and one XbaI site
(TCTAGA) was introduced in all reverse oligonucleotides. The stop codons in the reverse oligonucleotide are labeled with lower-case characters. In oligonucleotide 7,
Y1035 and Y1036 were mutated to two alanines (the codons are indicated in bold and lower-case characters).
is a schematic representation of the location of the differ-
ent mutations at the carboxy-terminus of HKa2.
Cloning of the c-myc epitope at the amino-terminus
of HKa2(D1031/stop)
The fragment that extends between the EcoRI/EcoRI
sites of the HKa2 in pcDNA3.1(+)-Neo, containing the
mutation D1031 to the stop codon [HKa2(D1031/Stop)]
in pcDNA3.1(+)-Neo), created as described above, was
replaced by the insert EcoRI/EcoRI obtained from the
plasmid pAGA 2, containing the insert c-myc-HKa2 [5].
This manipulation added the c-myc epitope in frame at
the amino-terminus of HKa2(D1031/Stop) in the plasmid
pcDNA3.1(+)-Neo.
Construction of two additional clones used in our stud-
ies (c-myc-HKa2 and c-myc-HKa2) in pcDNA3.1(+)-
Neo) was described previously by our laboratory [10].
Cloning the eight amino acid carboxy-terminus of HKa2
at the carboxy-terminus of ∆HKa2
To clone the eight amino acid carboxy-terminus of
HKa2 (amino acids 1029 to 1036) at the carboxy-terminus
of HKa2, a forward and a reverse oligonucleotide were
synthesized (see Table 2). Both were mixed to a final con-
centration of 20 lmol/L in the presence of 150 mmol/L
NaCl, submerged in boiling water, and allowed to cool
for several hours. In the first step, the annealed oligonu-
cleotides were cloned into pcDNA3.1(+)-Neo linearized
with EcoRI/XbaI (construct I). In the second step, the
fragment of HKa2 that extends from EcoRI/EcoRI in
pAGA 2 [5] was cloned to the EcoRI site of “construct
I.” Restriction maps and double-strand DNA sequencing
were used to confirm the insert’s orientation.
Cloning of the carboxy-terminus of HKa1 in frame with
the carboxy-terminus of ∆HKa2 (∆HKa2-CTHKa1)
The carboxy-terminus of HKa1 was amplified by PCR.
The forward oligonucleotide (5′-ACGTGAATTCCGC
TTTCCAGCAGGGATTCTTCAGG-3′) contains one
EcoRI site (underlined), and the reverse oligonucleotide
(5′-ACGT TCTAGACTAATAGTAGAGTTCCTGGT
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Fig. 2. Schematic representation of mutations used in present studies.
For purposes of this analysis only the region pertinent to the study is
displayed. The heavy line between transmembrane 7 (T7) and trans-
membrane 8 (T8) represents the b subunit binding domain [23]. The
filled circles represent the amino acids that were mutated to a stop
codon.
CCCACCA-3′) contains one XbaI site (underlined).
These oligonucleotides were used to amplify the 84 amino
acid carboxy-terminus of our HKa1 in pAGA 2. The
PCR product was cloned into the EcoRI/XbaI sites of
pcDNA3.1(+)-Neo and sequenced (construct I). In the
second step, the fragment EcoRI/EcoRI of HKa2 in
pAGA 2 was transferred to construct I. The correct ori-
entation of this insert was verified by restriction mapping
and DNA sequencing.
Cloning of the carboxy-terminus of a1-Na+,K+-ATPase
in frame with the carboxy-terminus of ∆HKa2
(∆HKa2-CTa1)
Two steps were required to clone HKa2-CTa1. In
the first, the carboxy-terminus of a1-Na+,K+-ATPase was
isolated by digesting a1-Na+,K+-ATPase in pAGA 2 with
EcoRI/XbaI. The insert was cloned into the same re-
striction sites of pcDNA3.1(+)-Neo and sequenced. The
second step was performed as described above to clone
HKa2-CTHKa1.
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Table 2. Strategy used to transfer eight carboxy-terminus amino acids of HKa2 to the carboxy-terminus of HKa2
The top line represents the amino acid numbers of HKa 2 used to generate the fused protein (HKa 2-8AA). The second line corresponds to the amino acids at
the carboxy-terminus of HKa 2-8AA. The lower-case characters “n” and “s” represent the carboxy-terminus of HKa 2, and the upper-case characters represent
the eight amino acids of the carboxy-terminus of HKa 2 added to the carboxy-terminus of HKa 2. The third line represents the nucleotide sequence of the forward
oligonucleotide to clone the eight amino acids of the carboxy-terminus of HKa 2 in frame to the carboxy-terminus of HKa 2. The fourth line represents the nucleotide
sequence of the reverse oligonucleotide. When annealed, the forward and reverse oligonucleotides can be cloned into the EcoRI/XbaI sites of pcDNA3.1(+)-Neo.
∗Stop codon. For additional details, see the Methods section.
Cell culture and transient transfections
HEK-293 cells were grown in the presence of Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen,
Carlsbad, CA, USA) (catalogue # 12100-046), contain-
ing newborn calf serum (10%) (Invitrogen) (catalogue
# 16010-167) supplemented with penicillin (10 units/mL)
and streptomycin (10 lg/mL) (Sigma Chemical Co.,
St. Louis, MO, USA) (catalogue P-0906) and adjusted
to pH = 7.4 by addition of NaHCO3 (7.5%), as described
previously by our laboratory [13, 14]. Cells were grown to
80% to 90% confluency at 37◦C in a humidified environ-
ment in 24-well dishes (Nalge Nunc, Naperville, IL, USA)
(catalogue # 50628). Transfections were performed using
the Lipofectamine Plus system (Invitrogen) (catalogue
# 10964-013), and cells were grown to 80% to 90% con-
fluency. Transfection was accomplished by mixing cir-
cular plasmid DNA (0.3 lg) with 1.5 lL PLUS and
57.5 lL serum-free medium. The mixture was incubated
for 15 minutes at room temperature and added to 380 lL
serum-free medium, containing Lipofectamine (2.2 lL).
The final mixture was added to HEK-293 cells and in-
cubated for 3 hours at 37◦C. Complete medium (1 mL)
was added and incubated for 24 hours at 37◦C in a hu-
midified environment, containing 5% CO2. The medium
was changed, and 2 days later, the experiments were per-
formed. 86Rb+ uptake experiments were performed as
described previously by our laboratory [15].
86Rb+ uptake experiments in HEK-293 cells
HEK-293 cells were grown to confluency at 37◦C in
a humidified environment in 24-well dishes. Before the
assay, the cells were washed four times (1.5 mL/each)
with buffer A (145 mmol/L NaCl, 1 mmol/L KCl,
1.2 mmol/L MgSO4, 2 mmol/L Na2HPO4, 1 mmol/L
CaCl2, 200 lmol/L bumetamide, and 32 mmol/L Hepes,
pH = 7.4) at 37◦C and then equilibrated for 15 minutes
with the same buffer. The buffer was removed and re-
placed with fresh buffer A, containing ouabain at dif-
ferent concentrations (see figure legends). After 15 min-
utes, the solution was aspirated and replaced by 250 lL
of the corresponding solution, containing 86Rb+ (3 to 8 ×
106 cpm). The reaction was allowed to proceed for 15 min-
utes at 37◦C. The buffer was aspirated and washed five
times with 1.5 mL of buffer B (100 mmol/L MgCl2 and
10 mmol/L Hepes, pH = 7.4) at 4◦C. Cells were dissolved
by adding 450 lL buffer C [0.1 mol/L NaOH and 2%
sodium dodecyl sulfate (SDS)] at 65◦C for 30 minutes. Re-
suspended cells (200 lL) were used to determine 86Rb+
uptake and protein concentration (100 lL) [15].
Immunoprecipitation experiments
HEK-293 cells were transiently co-transfected with c-
myc-HKa2 plus b 1, c-myc-HKa2(D1031/Stop) plus b 1,
or c-myc-HKa2 plus b 1 (all the plasmids in pcDNA3.1).
Three days later, the cells were lysed, and the a/b com-
plex was extracted with 1% CHAPS in 10 mmol/L
TrisHCl, pH = 8.8, 150 mmol/L NaCl, 1 mmol/L phenyl-
methyl sulfoxide (PMSF), 3 mmol/L benzamidine, and
1 lg/mL soybean trypsin inhibitor for 1 hour at 4◦C.
The insoluble material was removed by centrifugation
at 13,000 rpm for 10 minutes at 4◦C. The extracted pro-
tein was immunoprecipitated with the monoclonal an-
tibody 9E10, as described previously by our laboratory
[5, 10]. The monoclonal antibody was then precipitated
with agarose A/G PLUS (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) (catalogue # sc-2003). The resin
was washed six times with 1 mL buffer (10 mmol/L Tr-
isHCl, 150 mmol/L NaCl, 1 mmol/L PMSF, 3 mmol/L
benzamidine, 10 lg/mL soybean trypsin inhibitor, and
1% CHAPS), and the coimmunoprecipitated protein was
deglycosylated with glycosidase F (New England Biolabs,
Beverly, MA, USA) (catalogue # P0704S) as described
previously by our laboratory [5, 10]. The proteins were
dissolved in Laemmli sample buffer [16], separated on
a 10% SDS-polyacrylamide gel electrophoresis (PAGE),
and transferred to a nitrocellulose membrane. The top of
the membrane was probed with our polyclonal antibody
against HKa2 [17], and the bottom with a polyclonal an-
tibody against rat b 1-Na+,K+-ATPase (Upstate Biotech-
nology, Upstate, NY, USA) (catalogue # 06–170).
RESULTS
Effect of different deletions of the carboxy-terminus of
HKa2 on 86Rb+ uptake
HEK-293 cells were transiently co-transfected with
HKa2, containing the stop codon at different positions
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Fig. 3. The localization of the stop codon in the carboxy-terminus of
HKa2 dictates 86Rb
+ uptake. Ouabain-sensitive 86Rb+ uptake by hu-
man embryonic kidney (HEK)-293 cells transiently cotransfected with
HKa2 containing different truncations at the carboxy-terminus plus b 1-
Na+,K+-ATPase. The experiments were performed as described in the
Methods section. Ouabain (10 lmol/L) was added to block endogenous
Na+,K+-ATPase in HEK-293 cells. The results are represented as a per-
centage of inhibition observed when 2 mmol/L ouabain was added to
block 86Rb+ uptake by HKa2 with or without (control) the stop codon
at different locations of the carboxy-terminus. The experiments were
performed in the presence of 100 lmol/L bumetamide to block the ac-
tivity of the Na+,K+,2Cl− cotransporter. 86Rb+ uptake in the control
group was between 300 and 500 pmol/mg/min in each experiment. The
plasmids used in each transfection are indicated below each bar. The ex-
periment was performed three times with similar results. The difference
in 86Rb+ uptake between HKa 2 plus b 1 and the different mutations of
HKa2 plus b 1 was significant. ∗P < 0.05; ∗∗∗P < 0.001.
of the carboxy-terminus and b 1-Na+,K+-ATPase. 86Rb+
uptake for every a/b complex was defined as the dif-
ference between 10 lmol/L and 2 mmol/L ouabain.
Ten micromolar ouabain was used to block the endoge-
nous Na+,K+-ATPase of HEK-293 cells, and 2 mmol/L
ouabain was added to block the specific HKa2/b 1 com-
plex studied. The results (Fig. 3) demonstrated that
ouabain-sensitive 86Rb+ uptake was not observed when
the cells were cotransfected with HKa2 plus b 1, as ex-
pected [10]. 86Rb+-uptake was not observed either when
HEK-293 cells were cotransfected with HKa2(M995/stop)
plus b 1 or HKa2(M1017/stop) plus b 1 or HKa2(S1028/stop)
plus b 1. However, some 86Rb+ uptake (∼25% of the con-
trols) was observed when the cells were cotransfected
with HKa2(W1030/stop) plus b 1. Further increased 86Rb+
uptake was observed (to about 60% of the controls) when
the cells were cotransfected with HKa2(D1031/stop) plus
b 1. The ouabain-sensitive 86Rb+ uptake of the cells co-
transfected with HKa2 plus b 1 (controls) was taken as
100%.
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Fig. 4. The localization of the stop codon in the carboxy-terminus of
HKa2 dictates a/b assembly. Immunoblot analysis of human embryonic
kidney (HEK)-293 cells cotransfected with HKa2 containing different
truncations at the carboxy-terminus plus b 1-Na
+,K+-ATPase. The anti-
HKa2 polyclonal antibody was raised in our laboratory [17] and used
at a dilution of 1:1000. The anti-b 1 polyclonal antibody was purchased
from Upstate Biotechnology (catalogue # 06-170) and used at a dilution
of 1:1000. The plasmids used in each transfection are indicated above
the picture. The antibody used in each immunoblot is indicated under
each panel. The experiment was performed three times with similar
results.
Assembly of different carboxy-terminus mutations of
HKa2 with b1-Na+,K+-ATPase
HEK-293 cells were transiently cotransfected with c-
myc-HKa2 plus b 1, c-myc-HKa2(D1031/stop) plus b 1
or c-myc-HKa2 plus b 1. Three days later, the cells were
lysed as described in the Methods section, and coim-
munoprecipitation experiments were performed, using
the monoclonal antibody 9E10, which recognizes the c-
myc-epitope. After deglycosylation with glycosidase F,
the proteins were separated on a SDS-PAGE and trans-
ferred to a nitrocellulose membrane. The top part of
the membrane was probed with our polyclonal antibody
against HKa2 [17], and the bottom part with a polyclonal
antibody against b 1-Na+,K+-ATPase, as described previ-
ously by our laboratory [10]. The results displayed in the
top panel of Figure 4 demonstrate that the intensity of the
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band detected by anti-HKa2 antibody was weak when
the cells were cotransfected with c-myc-HKa2 plus b 1,
as expected [10]. Its intensity increased when the cells
were cotransfected with c-myc-HKa2(D1031/stop) plus b 1
(about 60% of 86Rb+uptake was restored) and further
increased when the cells were cotransfected with c-myc-
HKa2 plus b 1.
Similarly, the bottom panel of Figure 4 shows that
the intensity of b 1 coimmunoprecipitated with c-myc-
HKa2 was weak. The intensity increased when the cells
were cotransfected with c-myc-HKa2(D1031/stop) plus
b 1; and a larger increase was observed when the cells
were cotransfected with c-myc-HKa2 plus b 1. These re-
sults are consistent with the 86Rb+ uptake experiment
displayed in Figure 3.
The immunoprecipitated c-myc-HKa2, c-myc-
HKa2(D1031/stop), and c-myc-HKa2 proteins with the
monoclonal antibody 9E10 (Fig. 4, top panel) were taken
as a measure of a subunit present in the transfected
HEK-293 cells. However, the immunoprecipitation
experiment only provided information on how much
b 1-Na+,K+-ATPase assembled with the a subunit. It
is conceivable that less b 1-Na+,K+-ATPase subunit
was expressed when cells were cotransfected with
c-myc-HKa2 plus b 1 or c-myc-HKa2(D1031/stop)
plus b 1 than with c-myc-HKa2 plus b 1. If so, less b 1
would provide less protection to c-myc-HKa2, and less
c-myc-HKa2/b 1 would be coimmunoprecipitated. To
rule out this possibility, HEK-293 cells were transiently
cotransfected with pcDNA plus b 1, HKa2 plus pcDNA,
HKa2 plus b 1, HKa2 plus pcDNA, or HKa2 plus
b 1. HEK-293 cells that were not transfected were used
as a control. Three days later, the cells were lysed,
and the b subunit deglycosylated with glycosidase F
[18]. The proteins were resolved on a 10% SDS-PAGE,
transferred to a nitrocellulose membrane, and probed
with a polyclonal antibody that recognizes rat (but
not human) b 1-Na+,K+-ATPase [18]. The results of a
representative experiment (Fig. 5) demonstrated that
b 1-Na+,K+-ATPase was expressed at similar levels when
the HEK-293 was transiently cotransfected with HKa2
plus b 1 rather than HKa2 plus b 1. These results were
consistent with our hypothesis that the entire cation
ATPase C domain at the carboxy-terminus of HKa2 was
required for correct assembly with b 1-Na+,K+-ATPase
and 86Rb+ uptake.
Next, we tested if the results displayed in Figure 3
and the top panel of Figure 4 might be the result of
diminished stability of mRNA or through increased
degradation of the truncated HKa2 polypeptides as
compared to full-length HKa2. We synthesized HKa2,
HKa2(M995/Stop), HKa2(M1017/Stop), HKa2(S1028/
Stop), HKa2(W1030/Stop), HKa2(D1031/Stop), and
HKa2 protein using T&T rabbit reticulocyte lysate
(Promega, Madison, WI, USA) in the presence of [35S]-
methionine, as described previously by our laboratory
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Fig. 5. Deletion of the carboxy-terminus of HKa2 does not impair b1-
Na+,K+-ATPase protein expression. Immunoblot analysis of human
embryonic kidney (HEK)-293 cells cotransfected, as indicated in the
Methods section, with HKa2 containing different truncations at the
carboxy-terminus plus b 1-Na
+,K+-ATPase. The cells were lysed, and
the proteins deglycosylated with glycosidase F, separated on a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to a nitrocellulose membrane. The anti-b 1 polyclonal anti-
body, purchased from Upstate Biotechnology (catalogue # 06-170), was
used at a dilution of 1:1000 to detect expression of b 1-Na
+,K+-ATPase
protein. The molecular weights are indicated in the left site. The plas-
mids used in each transfection are indicated above the picture. This
experiment was performed twice with similar results.
[19]. This approach was used because these studies
required an experimental model in which the protein
was synthesized, accumulated, and not degraded. The
results demonstrate (Fig. 6) that rabbit reticulocyte
lysate transcribed and translated all the a subunit DNA’s
with similar efficiency. Therefore, neither transcription
of the DNA to mRNA nor translation of the RNA to
protein, as well as protein stability, was altered by the
various mutations at the carboxy-terminus of HKa2.
Transfer of the eight amino acids from the
carboxy-terminus of HKa2 to the carboxy-terminus
of ∆HKa2 did not restore 86Rb+ uptake
The results displayed in Figures 3 and 4 suggested that
the entire carboxy-terminus of HKa2 was required for
proper assembly of the a subunit with b 1 and thus sup-
port 86Rb+ uptake. Alternatively, although less likely,
the results could be interpreted that only the last eight
amino acids at the carboxy-terminus of HKa2 were re-
quired for functionality. To define whether only the eight
carboxy-terminus amino acids were required for func-
tion, we cloned them at the carboxy-terminus of HKa2
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HKa2 to the carboxy-terminus of ∆HKa2 was not sufficient to restore
86Rb+ uptake by ∆HKa2 plus b1. 86Rb
+ uptake experiments were per-
formed as described in the Methods section. The cDNAs, in pcDNA,
used in each cotransfection are indicated above the bars. Open bars indi-
cate experiments performed in presence of 10 lmol/L ouabain to block
the endogenous Na+,K+-ATPase activity of HEK-293 cells. Closed bars
indicate experiments performed in presence of 2 mmol/L ouabain to
block the activity of HKa2. The experiment was performed three times
with similar results. The difference in 86Rb+ uptake between HKa2/b 1
and HKa2/b 1 in the presence of 10 lmol/L ouabain (open bars) was
significant. P < 0.001.
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Fig. 8. Mutation of Y1035 and Y1036 of HKa2 to alanine did not impair
86Rb+ uptake. 86Rb+ uptake experiments were performed as described
in the Methods section. The cDNAs, in pcDNA, used in each cotrans-
fection are indicated above the bars. Open bars indicate experiments
performed in presence of 10 lmol/L ouabain to block the endogenous
Na+,K+-ATPase activity of human embryonic kidney (HEK)-293 cells.
Closed bars indicate experiments performed in presence of 2 mmol/L
ouabain to block the activity of HKa2. The experiment was repeated
twice. The difference in 86Rb+ uptake between HKa2/b 1 and YY/AA-
HKa2HKa2/b 1 in presence of 10 lmol/L ouabain (open bars) was not
different. P > 0.05.
(HKa2-8AA), as described in the Methods section and
in Table 2. HEK-293 cells were cotransfected with HKa2
plus b 1 or HKa2-8AA plus b 1. Three days later, 86Rb+
uptake experiments were performed. The results (Fig. 7)
demonstrated that when HEK-293 cells were transiently
cotransfected with HKa2 plus b 1, 86Rb+ uptake was ob-
served (open bar), and adding 2 mmol/L ouabain blocked
it (solid bar). However, when HEK-293 cells were co-
transfected with HKa2-8AA plus b 1, 86Rb+ uptake sen-
sitive to 2 mmol/L ouabain was not observed. Therefore,
the results displayed in Figures 3 and 7 are consistent
with the interpretation that the entire carboxy-terminus
of HKa2 is required for cell surface migration and 86Rb+
uptake.
Y1035 and Y1036 at the carboxy-terminus of HKa2 are not
required for functionality
Addition of the motif DKNMYY to the carboxy-
terminus of HKa2(D1031) increased the transport activity
from 65% to 100%. Amino acid alignment demonstrated
that all X+,K+-ATPase a-subunits ended with the motif
YY. We tested the role of the motif YY at the carboxy-
terminus of HKa2 by mutating both amino acids to ala-
nine [HKa2(Y1035 and Y1036/AA)]. HEK-293 cells were
cotransfected with HKa2 plus b 1 or HKa2(Y1035 and
Y1036/AA) plus b 1. The results of a representative ex-
periment, displayed in Figure 8, demonstrated that Y1035
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Table 3. Amino acid alignment of the carboxy-termini of HKa2; a1-Na
+,K+-ATPase and HKa1
The alignment was performed with the PileUp program. 1 is the amino acid sequence of the carboxy-terminus of HKa 2; 2 is the amino acid sequence of the carboxy-
terminus of a 1-Na
+,K+-ATPase; 3 is the amino acid sequence of the carboxy-terminus of HKa 1; 1/2 is similar amino acids among HKa 2 and a 1-Na+,K+-ATPase; 1/3
is similar amino acids among HKa 2 and HKa 1; 1/2/3 is similar amino acids among HKa 2, a 1-Na
+,K+-ATPase and HKa 1. The box delineates the regions of maximum
differences between the three carboxy-termini. The period in a 1-Na
+,K+-ATPase sequence represents one space added by the PileUp program to the sequence to
facilitate alignment. The arrow facing down indicates the end of the cation ATPase C domain predicted by the Simple Modular Architecture Research Tool (SMART)
program. The arrow facing up indicates the point where more than 25% of the total 86Rb+ uptake was restored. The underlined sequence represents the predicted
transmembrane domain 9 (T9) and 10 (T10) of HKa 2.
and Y1036 could be mutated to alanine without impair-
ing 86Rb+ uptake. These results demonstrated that while
the motif DKNMYY is necessary, the findings show a de-
gree of flexibility in the amino acid sequence necessary
for function, since the degree of function achieved with
addition of the motif DKNMAA was indistinguishable
from DKNMYY.
The carboxy-terminus of a1-Na+,K+-atpase and of HKa1
restored 86Rb+ uptake to ∆HKa2
The alignment displayed in Table 3 using the PileUP
program demonstrates that several regions of the
carboxy-terminus of HKa2, a1-Na+,K+-ATPase, and
HKa1 are similar. Moreover, the SMART program us-
ing the Pfam database calculated that the carboxy-termini
of the Na+,K+-ATPases, H+,K+-ATPases, Ca+2-ATPase,
and Mg+2-ATPase belong to the superfamily of proteins
that contains the cation ATPase C domain proximate to
the carboxy-termini. Therefore, we reasoned that if the
entire carboxy-terminus was required for functionality of
HKa2, transfer of the carboxy-terminus of a1-Na+,K+-
ATPase or of HKa1 to the carboxy-terminus of HKa2
should restore 86Rb+ uptake.
In the results displayed in Figure 9, HEK-293 cells were
transiently cotransfected with HKa2 plus b 1, HKa2-
CTa1 plus b 1, or HKa2 plus b 1, and 86Rb+ uptake was
performed 3 days later. The results demonstrated that the
carboxy-terminus of HKa2 could be replaced by that of
a1-Na+,K+-ATPase.
A similar experiment was performed by transiently
cotransfecting HEK-293 cells with HKa2 plus b 1,
HKa2-CTHKa1 plus b 1, or HKa2 plus b 1. The
results displayed in Figure 10 demonstrated that the
carboxy-terminus of HKa2 could be replaced by the
carboxy-terminus of HKa1, as predicted by the pres-
ence of the cation ATPase C domain. However, 86Rb+
uptake by HKa2-CTHKa1 plus b 1 reached 60% of
the transport activity of the control protein (HKa2/b 1).
These data suggest that certain sequences unique to
the carboxy-terminus of HKa2 or the carboxy-terminus
of a1-Na+,K+-ATPase may be critical for functional-
ity. Amino acid alignment demonstrated that N964, I966,
L971, G980, A988, I990, A1000, L1001, Y1010, F1012, A1014, and
K1032 of HKa2 are represented in the carboxy-terminus
of a1-Na+,K+-ATPase but not in the carboxy-terminus
of HKa1.
DISCUSSION
These new findings demonstrate for the first time that
the stability of HKa2/b 1, as defined in this study by coim-
munoprecipitation experiments, as well as function of
the heterodimer, as defined by 86Rb+ uptake, requires
an intact HKa2 carboxy-terminus. This interpretation is
supported by the observation that 86Rb+ uptake by the
deletion mutation of HKa2 increased to approximately
25% of the control value when W1030 was mutated to a
stop codon, and increased to approximately 60%, when
D1031 was mutated to a stop codon. In contrast, transport
function was restored to 100% of control when the entire
carboxy-terminus was reinstated. Amino acid alignment
of all a subunits of the rat X+,K+-ATPases reveals a com-
mon characteristic that an acidic amino acid (D or E) oc-
curs in the carboxy-terminus. For HKa2 aspartic acid (D)
is present at position 1031 and aligns with acidic amino
acids for other members of this family. This characteristic
suggests that an acidic environment in this region may
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Fig. 9. Transfer of the carboxy-terminus of a1-Na
+,K+-ATPase (last
84 amino acids) to the carboxy-terminus of ∆HKa2 restored 86Rb
+
uptake by ∆HKa2 plus b1. 86Rb
+ uptake experiments were performed
as described in the Methods section. The cDNAs, in pcDNA, used in
each cotransfection are indicated above the bars. Open bars indicate
experiments performed in presence of 10 lmol/L ouabain to block
the endogenous Na+,K+-ATPase activity of human embryonic kidney
(HEK)-293 cells. Closed bars indicate experiments performed in pres-
ence of 2 mmol/L ouabain to block the activity of HKa2. The experi-
ment was repeated four times. The difference in 86Rb+ uptake between
HKa2/b 1 and HKa 2-CTa1/b 1 in the presence of 10 lmol/L ouabain
(open bars) was not different. P > 0.05.
be necessary for functionality. In the present study, the
addition of D1031 was associated with a dramatic increase
in transport function even though the carboxy-terminus
was still abbreviated by five amino acids.
Our results also demonstrate that the last 84 amino
acids of the carboxy-terminus of HKa2 could be re-
placed in chimeric experiments by the carboxy-terminus
of a1-Na+,K+-ATPase without impairing 86Rb+ uptake
(Fig. 9). However, when a construct substituting the
carboxy-terminus of HKa1 for the carboxy-terminus of
HKa2 was evaluated for functionality, 86Rb+ uptake
reached only 60% of control levels (Fig. 10).
Amino acid alignment of the carboxy-terminus of
HKa2 vs. a1-Na+,K+-ATPase, or HKa2 vs. HKa1 or
HKa2 vs. a1-Na+,K+-ATPase vs. HKa1 (Table 3) demon-
strates that the sequences of all three subunits are similar
up to the first half of transmembrane region 9 (T9). At this
juncture, until the beginning of the T10 segment, the se-
quences of the three a subunits diverge very significantly.
Transmembrane region 10 and the carboxy-termini are
very similar, however. Therefore, we suggest that the dif-
ferences observed between the second half of transmem-
brane 9 until the beginning of T10 may be relevant for the
function of the a subunit. It seems likely, therefore, that
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Fig. 10. Transfer of the carboxy-terminus of HKa1 (last 84 amino
acids) to the carboxy-terminus of ∆HKa2 restored 86Rb
+ uptake by
∆HKa2 plus b1. 86Rb
+ uptake experiments were performed as de-
scribed in the Methods section. The cDNAs, in pcDNA, used in each
cotransfection are indicated above the bars. Open bars indicate experi-
ments performed in presence of 10 lmol/L ouabain to block the endoge-
nous Na+,K+-ATPase activity of human embryonic kidney (HEK)-
293 cells. Closed bars indicate experiments performed in presence of
2 mmol/L ouabain to block the activity of HKa 2. The experiment was
repeated four times. The difference in 86Rb+ uptake between HKa2/b 1
and HKa2-CTHKa1/b 1 in the presence of 10 lmol/L ouabain (open
bars) was significant. P < 0.05.
this variation in amino acid composition may account for
the disparity in efficiency of 86Rb+ uptake observed when
HEK-293 cells were cotransfected with HKa2-CTa1/b 1
vs. HKa2-CTHKa1/b 1.
Our data, when considered in the context of findings
by other groups, support the general hypotheses of Fam-
brough et al [20] and Geering [21] that membrane and cy-
toplasmic sequences other than the extracellular domain
of the a subunit extending between T7 and T8 can play a
role in a/b interaction [22, 23]. The findings are also con-
sistent with the interpretation that the carboxy-termini of
the a subunits of the X+,K+-ATPases can interact with
other regions of the a subunit [20, 21].
Based on these studies, we conclude that the last 84
amino acids of the carboxy-terminus, which comprises a
major segment of the cation ATPase C domain, is nec-
essary for HKa2 cell surface migration and 86Rb+ up-
take. This view is consistent with the observation that
the carboxy-terminus of either a1-Na+,K+-ATPase and
HKa1 can restore HKa2 function (to 100% and 60%, re-
spectively) when transposed to the carboxy-terminus of
HKa2.
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ABBREVIATIONS
X+,K+-ATPases Superfamily of proteins, including the Na+,K+-
ATPases, gastric H+,K+-ATPase, and colonic
H+,K+-ATPase
HKa1 a subunit of the gastric H
+,K+-ATPase
HKa2 a subunit of the colonic H
+,K+-ATPase
HKa2 a subunit of the colonic H
+,K+-ATPase with the
84 amino acid carboxy-terminus replaced by 43
nonrelevant amino acids
HKa2(M995/Stop) HKa2 with M995 mutated to the stop codon
HKa2(M1017/Stop) HKa2 with M1017 mutated to the stop codon
HKa2(S1028/Stop) HKa2 with S1028 mutated to the stop codon
HKa2(W1030/Stop) HKa2 with W1030 mutated to the stop codon
HKa2(D1031/Stop) HKa2 with D1031 mutated to the stop codon
HKa2-8AA The 8 amino acid carboxy-terminus of HKa2
was cloned in frame at the carboxy-terminus of
HKa2
HKa2-CTa1 The 84 amino acid carboxy-terminus of a1-
Na+,K+-ATPase was cloned in frame at the
carboxy-terminus of HKa2
HKa2-CTHKa1 The 84 amino acid carboxy-terminus of HKa 1
was cloned in frame at the carboxy-terminus of
HKa2
b 1 b 1 subunit of the Na
+,K+-ATPase
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